Nobel metal nanomaterials with interesting physical and chemical properties are ideal building blocks for engineering and tailoring nanoscale structures for specific technological applications. Bimetallic nanomaterials consisting of magnetic metals and noble metals have attracted much interest for their promising potentials in many fields including magnetic sensors, catalysts, optical detection, and biomedical applications. Particularly, effective control of the size, shape, architecture, and compositional microstructure of metal nanomaterials plays an important role in enhancing their functionality and application potentials, for example, in fuel cells, optical and biomedical sensing. This paper focuses on recent advances in controllable synthesis of bimetallic nanostructured materials. Recent contributions in controllable synthesis of bimetallic nanomaterials with different architectures including nanoparticles, nanowires, nanosheets, or nanotubes and their assemblies are presented in this paper. A wide range of facile synthesis methods are covered herein with high emphasis on wet chemical methods owing to their facility of use, efficacy, and smaller environmental footprint.
Introduction
Nanoscience and nanotechnology have grown at an enormous rate in the last three decades, and recent advances in nanostructured materials have opened up new opportunities for diverse applications in electronics, catalysis, energy, materials chemistry, and even biology. Materials in the nanometer-size regime often exhibit properties distinct from their bulk counterparts, in part because nanosized clusters have electronic structures that have a high density of states, but not yet continuous bands [1] [2] [3] [4] [5] [6] . Facile synthesis in designing nanostructured materials has been a driving force for the development of new methodologies for several decades. Indeed, this has led scientists' interest to the development of versatile and generalized synthetic methods readily adaptable for the preparation of a variety of nanostructured materials [7] . Nanostructured materials have been prepared by a variety of synthetic methods, including microwave, ultrasonic, sonochemistry, sol-gel, chemical vapor deposition, and chemical precipitation. One could claim that selecting an appropriate synthesis route ultimately determines the success or failure of nanostructured materials, as physical properties and applications of nanostructured materials are heavily dependent upon the preparation method .
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Journal of Nanomaterials outstanding catalytic activity. The transition metals, such as Fe, Co, and Ni, are ferromagnetic elements which have been widely used in different magnetic and spintronic devices [45] . Bulk Au is a nonmagnetic yellow metal; however, 10 nm Au nanoparticles appear red because they can absorb green light; 2-3 nm Au particles exhibit considerable magnetism; smaller Au nanoparticles can even turn into insulators [46, 47] . Although bulk Au is very unreactive for low-temperature carbon monoxide (CO) oxidation, nanoscale Au particles are chemically active for this reaction and it has been proven that Au clusters in the range of 3.5 nm exhibit the maximum reactivity [48, 49] . Above examples indicate why, controllable synthesis of metal nanostructured materials has attracted much attention over the past two decades [50] [51] [52] [53] .
Bimetallic nanomaterials, composed of two distinct metal elements, have a certain mixing pattern or chemistry sequence and geometry architecture and perform specific functions [54, 55] . Their performance often surpasses the enhancement of the properties associated with their single counterparts and exhibits many interesting and useful properties with broadened application fields often explained by synergistic effects of nanomaterials [56] [57] [58] [59] . By changing their components and morphologies, their relevant physical, electrical, or chemical performances can be successfully modified [60, 61] . Discovering the nano-/microstructure nature of physiochemical properties in the bimetallic nanomaterials has become the main focus of many researchers [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] .
The structures of bimetallic nanomaterials are complicated and can take multiple forms. According to the mixing pattern of two different metals, three main types of structures can be identified for bimetallic nanomaterials, that is, core/shell, heterostructure or intermetallic, and alloyed structures [46, 75] . In the formation process of core/shell structures, often one type of metal ions is reduced first and forms an inner core, while the other metal grows as a shell surrounding the nucleated core. However, under proper conditions, individual nucleation and growth of two kinds of metal atoms can occur. If they share a mixed interface during the growth process, heterostructure forms. Intermetallics and alloys belong to another group entirely different from core/shell or heterostructure bimetallic nanomaterials. They are both a homogeneous mixture of two metals where often metal-metal bonds are dominant structure of the products. The difference between these two groups can be reflected in the powder X-ray diffraction (PXRD) patterns. For core/shell or heterostructure compounds, the characteristic diffraction peaks of two kinds of metals can be observed together, while for intermetallics and alloys, the characteristic peaks of individual metals disappear and new Bragg reflections can be observed, indicating that new compounds are created. The distribution of two distinct metal atoms determines the structure of the product. In general, alloys have random atomic orders, while intermetallics have long-range atomic orders.
Although many methods have been developed for the preparation of monometallic nanomaterials (especially for Ag, Au, Pd, Pt, etc.) [76, 77] , controllable synthesis of bimetallic nanomaterials is much more complicated [78, 79] . The synthesis of bimetallic compounds can be carried out in the solid, gaseous, or solution state. Bimetallic compounds are traditionally obtained using metallurgical techniques which melts two kinds of bulk metals under proper conditions [80] . This solid state method requires high-temperature heating and annealing for long periods of time, and it is difficult to obtain nanocrystalline bimetallic compounds with high surface areas which are urgently needed in various applied fields such as energy, environment, and catalysis [81] . The solution state method is more powerful and versatile and has been the preferred method by many researchers lately. In a solution-based synthetic system, the nucleation and growth process of bimetallic nanomaterials can be easily controlled by adjusting the reaction parameters including the concentration of reactants, the mole ratio between precursors and surfactants, and the reaction temperature and time, which has been confirmed during the preparation of monometallic nanomaterials. Nevertheless it is not an easy task to synchronously control the nucleation and growth of two distinct metals due to their different thermodynamic and kinetic characteristics under the same reaction conditions. In recent years, researchers have made great efforts in controllable synthesis of bimetallic nanomaterials. In the following section, we present a review on facile, green, and low-cost methods for synthesis of bimetallic nanomaterials.
Discussion
It has been observed that development of the catalysts in the form of zero-dimensional (0D) nanostructures (nanoparticles) or one-dimensional (1D) nanostructures (nanowires/nanotubes) increases the efficiency of the materials and lowers the costs of production. Thanks to their higher surface area, nanoparticles exhibit higher catalytic activity but show less stability over the time mainly due to their tendency to agglomerate forming larger particles. 1D nanostructures however are less prone to instability over multiple use since the agglomeration is less likely to happen in 1D structures [82] [83] [84] [85] [86] . Furthermore they show better carbon corrosion resistance particularly for the carbon supported systems. Bimetallic structures or alloy metal nanocrystals usually have better catalyst performance than monometals owing to the synergistic effect of both metals [87, 88] . The following parts of this paper provide a summary of the latest facile synthesis techniques employed in developing bimetallic nanostructures with different morphologies (including 0D, 1D, etc.). The organization of the sections of this paper is based upon the importance of certain metals and amount of attention directed toward certain combinations by the leading research community.
PdPt Nanostructures.
Due to their relatively high energy density and convenient form factor, direct alcohol fuel cells (DAFCs) have attracted considerable attention as power sources. Pt and Pd owing to their high electrocatalytic activities are considered the most efficient noble-metal catalysts for DAFCS. High production costs and low resources for noble-metal materials are the main hurdle in developing efficient DAFCS. The following section summarizes the latest research devoted to development of facile synthesis techniques for producing the PtPd nanostructures leading to improved catalytic activity, higher stability, and lower costs. The majority of the researchers in the recent years seem to prefer the wet chemical reduction procedure for synthesis of nanostructure; hence, we start with this method and finish with the highlights of other methods.
Wet Chemical Reduction.
It has been observed that Pt monolayer supported on a Pd (111) surface shows an improved activity for oxygen reduction reaction (ORR) relative to pure Pt (111) surface. Lim et al. [89] used an epitaxial growth technique to grow thin Pt layers on triangular or hexagonally shaped Pd nanoplates ( Figure 1 ). Na 2 PdCl 4 is first reduced using poly-N-vinyl-2-pyrrolidone (PVP) and forms the Pd nanoplates which serve as seeds for Pt atoms. Next, Pt atoms are formed by reducing the H 2 PdCl 6 using citric acid. In this synthesis approach, small lattice mismatch (0.77%) between Pt and Pd as well as mild reduction speed of citric acid are identified as the key parameters in achieving the growth of Pt shells on Pd nanoplates. Later in an effort to further increase the unit surface area of the Pt-based electrocatalysts and reduce the Pt load hence cost of the fuel cells, Lim et al. proposed a method for synthesis of PdPt bimetallic nanodendrites consisting of a dense array of Pt branches on Pd nanocrystals (uniform octahedrals produced by reducing Na 2 PdCl 4 with L-ascorbic acid in an aqueous solution) [90, 91] . They used L-ascorbic acid to reduce the K 2 PtCl 4 in presence of uniform Pd nanocrystal seeds in aqueous solution ( Figure 2 ). Using their simple method of synthesis, they were able to produce substantially high surface areas and oxygen reduction reactivity (ORR). Their product showed two and a half times more activity on the basis of equivalent Pt mass for the ORR than the stateof-the-art Pt/C catalyst and five times more activity than the first-generation supportless Pt-black catalyst.
In 2010 and for the first time, Guo et al. [92] proposed a wet chemical approach for the synthesis of highquality three-dimensional (3D) Pt-on-Pd bimetallic nanodendrites supported on graphene nanosheets (TP-BNGN) with porous texture, considerable electrochemically active area, and much higher (up to 4 times) electrocatalytic activity toward methanol oxidation than the platinum black (PB) and commercial E-TEK Pt/C catalysts. PVP-functionalized graphene nanosheets were used to load small Pd nanoparticles for producing graphene/Pd nanoparticle hybrids via a simple and surfactantless route at room temperature. They used the ascorbic acid for reducing the K 2 PtCl 4 in an aqueous solution for direct growth of the Pt on Pd seeds. One of the main limitations of the Pt-nanoparticle based catalysts is the lack of durability in the strongly acidic medium. Mazumder et al. [93] investigated the performance of Pd/FePt core/shell structure in strongly acidic medium of 0.1 mol HClO 4 . They also showed that the catalysis of these nanoparticles is a function of FePt shell thickness. Their product showed much higher durability while exposed to HCLO 4 . They compare the ORR of their product with a commercial Pt catalyst (BASF) and show approximately 12 times higher performance compared to the commercial counterpart. Wang et al. [94, 95] proposed a facile and economical approach to improve the activity and reduce the Pt consumption of the electrocatalysts by galvanic displacement reaction between PdCu/C and the PtCl 6 2− to deposit the Pt atoms on the template. Liu et al. [96] proposed a more sophisticated yet facile procedure for synthesis of PtPd nanoparticles. Their method is based on coreduction of Pd(acac) 2 (acac = acetylacetonate) and Pt(acac) 2 with morpholine borane in oleylamine at 90 and 180 ∘ C. Based on the operating temperature, they were able to control the relative proportion of the Pd to Pt. The prepared nanoparticles exhibit both durability and activity in optimum proportion of Pd to Pt. Long et al. [97] used a slightly different approach by employing AgNO 3 as the metallic salt. In their proposed method, the simultaneous reduction of the mixture of PtPd precursors by ethylene glycol occurred in the presence of PVP and AgNO 3 at 160 ∘ C. They suggested that the thickness of the Pd nanoshell can be controlled by the quantity of the Na 2 PdCl 4 precursor. They also observed that the morphologies of the PtPd core/shell nanoparticles depend on the crystal orientation of these nanoparticles.
For certain applications, such as optical sensing and localized surface plasmon resonance, nanoparticles with concave structure have received much attention. Zhang et al. [98, 99] used a simple galvanic replacement reaction between PtCl 6 2− ions and Pd nanocrystals to fabricate PdPt based bimetallic concave nanocrystals with different shapes. They utilized combination of the PVP and KBr as the reducing medium and utilized the preferential adsorption of Br − ions only on the 111 facets of Pd and also reaction time to various morphologies ( Figure 3 ). Their product showed four times higher catalytic activity compared to commercial Pt/C. Wu et al. [100] recently devised a very fast procedure for preparing macroscopic free-standing Pd and PdPt 2D nanomembranes. They used the aqueous solution of PdCl 2 and Na 3 CA as the base at boiling temperature and NH 2 OH⋅HCl as the reducing agent and produced the nanomembranes in a fast self-assembly at water-air interface as fast as 15 minutes. Their best performing product (Pd33Pt 67 -FNMs) showed 4.4 times higher catalytic performance than commercial Pt black. In 2013, Huang et al. [101] used a facile wet chemical strategy to synthesize PdPt bimetallic nanotubes by self-assembly of Pt and Pd on Te nanowires at room temperature. Te nanowires were used as both reducing agent and sacrificial template Journal of Nanomaterials for obtaining PdPt nanotubes in aqueous solution. They observed improved stability as well as superior catalytic activity due to the change in morphology of the nanostructures from zero-to one-dimensional structure. [106] used electrochemical deposition to consolidate the PdPt compound on a chitosan-grapheme hybrid (C s -G s ) modified glassy carbon electrode (GCE). Their proposed method involves the deposition of the PdPt in aqueous solution containing 0.5 mM of H 2 PtCl 6 and 0.5 mM PdCl 2 for 200 seconds. The obtained product has been used as a biosensor to measure the cholesterol level in blood.
AuAg Nanostructures.
AuAg nanoparticles are of great importance mainly due to their optical properties owing to their surface plasmon resonance (SPR). Smaller particles can strongly scatter the photon path, hence enhancing the electromagnetic field surrounding the particle. This phenomenon is the main motivation in achieving smaller AuAg nanoparticles with controlled morphologies. However, other properties of these particles, for example, catalytic activity with CO, have been investigated and utilized for various purposes. AuAg nanoparticles (similar to other bimetallic nanoparticles) are prepared in two main categories: alloyed bimetallic nanostructures and core/shell nanoparticles [107] . The alloyed structures are prepared using three main processes, Better stability and higher activity [101] Journal of Nanomaterials 7 the simplest being the co-reduction of both monometallic nanoparticles with poor control on the shape and size. Second is often referred to as digestive ripening and involves refluxing a mixture of Au and Ag nanoparticles in 4-tertbutyltoluene for an extended period of time in the presence of dodecanethiol and argon. Finally, replacement reaction is another effective alloying procedure for preparing the AuAg nanoparticles. This method relies on the difference in standard electrode potential between Au and Ag. Core/shell structures however are prepared in two main categories, namely, seed mediated growth and replacement reaction. The former is the most commonly used method in preparing core/shell AuAg nanoparticles. The core particles are often prepared in a separate procedure and shell is being deposited later in the process. Core and shell atoms are interchangeable and the morphology of the product is dictated and can be controlled by the core particles. Replacement reaction can also be used to create core/shell nanostructures with Ag cores. This process can fabricate three different products (core/shell nanoparticles, hollow nanoparticles, and AgAu alloys) where the size and type of the product are strongly dictated by the synthesis conditions. The following section includes important milestones and latest developments in preparing the AuAg nanoparticles using the above methods. Similar to the previous section, we start with the wet chemical reduction methods as the method of choice for facile and green synthesis of nanoparticles and finish with other novel methods for this purpose.
Wet Chemical Reduction.
In 2004, Selvakannan et al. [108] were the very first who devised a new ecofriendly synthesis method for fabricating the AuAg nanoparticles. Among many amino acids, they found that amino acid, tyrosine, is capable of reducing silver ions under alkaline conditions. They used tyrosine to reduce their aqueous silver sulfate solution and produce the Ag nanoparticles. They again used tyrosine along with the Ag nanoparticles and HAuCl 4 to deposit Ag particles on Au. Later in 2006, Sakai and Alexandridis proposed poly(ethylene oxide)-poly(propylene oxide) (PEO-PPO) as the reducing agent for producing AuAg nanoparticles [109, 110] . They found out that, based on the concentration of the reductants, they are able to control the core/shell structure of the product. Based on this observation, they were able to create different nanostructures all in single mixing (one-pot) procedure. Chen et al. [111] and later Lee et al. [112] proposed a method for fabricating porous cubic shaped nanoparticles with controllable pores. Lee et al. used truncated Ag nanocubes produced in advance via a thermal annealing process. Then HAuCl 4 is reduced in presence of PVP. The galvanic replacement reaction occurs with priority on {100} planes and the amount of HAuCl 4 is shown to control the amount of etching at the corner of cubes while the prepared nanoparticles can be utilized for drug delivery (Figure 4) .
Liu et al. [113] used NaBH 4 to reduce the AuCl 4 − and used AgNO 3 as the precursor to produce AuAg nanoparticles. They used commercial silica/alumina as support for the deposition. They found out that the Ag particles obtained from the mentioned reduction process are highly uniform in size (∼3 nm) even in elevated temperatures and resist sintering. Their product showed up to 5 times better CO oxidation capability even better than AU/TiO 2 . Among many chemical reduction methods, Philip in her paper proposed a unique and completely green procedure for synthesis of AuAg nanoparticles [114] . She proposed a mushroom extract (from Volvariella volvacea) as a reducing/stabilizing agent to be blended with HAuCl 4 -3H 2 O and AgNO 3 . However the size distribution of the particles seemed to be unfavorably wide. Recently much attention has been directed toward proposing a fabrication procedure capable of generating nonsymmetric bimetallic particles ( Figure 5 ). Xing et al. [115] proposed a new approach that reduces the symmetry of Au nanocores in an AuAg nanoparticle by limiting the availability of the free surface for deposition. In this case, eccentric polymer PANI (polyaniline) shells have been utilized to control the overgrowth of Ag + ions on Au nanorods. Tokonami et al. [116] proposed a method for synthesis of AuAg nanoparticles by adding the AgClO 4 into an aqueous dispersion of Au nanoparticles in room temperature. Netzer et al. [117] report a simple and straightforward method to fabricate AuAg bimetallic porous nanowires with superior surface enhanced Raman scattering activities. Their nanowires were obtained by dispersing the Ag nanowires in HAuCl 4 at room temperature. Recently, Hong et al. [118] report a technique for producing ultrathin AuAg nanowires by using octadecylamine as both a solvent and a surfactant. The latest development in the field involves the use of a particular form of starch (i.e., degraded pueraria starch-DPS) as a reducing agent and capping agent reported by Xia et al. [119] . They used preprepared Ag nanoparticle seeds and mixed them with Au ions and DPS in an aqueous solution. The resulting bimetallic nanoparticles were observed to grow in DPS matrix as the capping and reducing agent. The proposed method yields spherically shaped nanoparticles with high catalytic activity (higher than AgAu monometallic nanoparticles) while being considerably facile and green. Table 2 summarizes the key components of wet chemical methods for synthesis of AuAg nanostructures.
Other Methods.
Okazaki et al. [120, 121] proposed a considerably different approach for synthesizing nanoparticles. They used a sputtering technique to simultaneously deposit gold and silver particles in ionic liquids (ILs). The composition of nanoparticles is controlled by controlling the area and arrangement of the metals in the circular foils. They proposed a fan shape configuration in which the area of both of the elements can be controlled. The produced nanoparticles have uniformly sized spherical shapes ranging between 3 and 9 nm. Gonzalez et al. used photochemical cleavage process to generate AuAg nanoparticles [122] . Depending on the type of surfactant being used, different structures were obtained, that is, core/shell structures and alloy nanoparticles. In their procedure, they used cetyltrimethylammonium chloride (CTAC) and sodium dodecyl sulfate (SDS) as surfactants and conventional metallic salts as reductants. Shang et al. [123] proposed a strategy that extends the use of polyelectrolyte multilayer (PEM) nanoreactors to generate bimetallic nanoparticles. Their procedure consists of loading 8 Journal of Nanomaterials the polyethylenimine and polyacrylic acid simultaneously with Ag and Au ions followed by thermal treatment leading to formation of nanoparticles. Their study illustrates the role of several parameters such as pH, type of polymers, and reduction approach in formation and shape of AuAg nanoparticles. Zhang et al. [124] used underpotential deposition (UPD) combined with redox replacement to fabricate AuAg nanoparticles. They used glassy carbon (GC) as the base and reduced the HAuCl 4 -H 2 O in presence of PVP. The UPD method has been employed to deposit a thin layer of Pb on the prepared Au/GC electrode. Morphology of the particles obtained from this strategy is very similar to the particles obtained by Tsai et al. [121] .
AuPd Nanostructures.
Bimetallic nanostructures are increasingly being used in fuel cells and sensing applications due to their predominant catalytic properties, AuPd being no exception. It has been shown that the AuPd nanocrystals can act as electrocatalysts for the oxidation of alcohols. The combination of gold and palladium is popular since these metals are miscible at any ratio. Due to the high catalytic activity of Pd and Pt, bimetallic colloids of gold and silver in combination with Pd and Pt have been studied in great detail. Similar to previous sections these particles can be prepared either in an alloy formation or as a core/shell structure. This section is devoted to the recent advances in preparation of AuPd nanoparticles.
Wet Chemical Reduction.
It has been shown that incorporation of Au into Pd nanoparticles can reduce the material cost while enhancing their catalytic activity, selectivity, and stability. Camargo et al. [125] reported the synthesis of PdAu hybrid nanostructures in tadpole shapes, with the head being an Au nanoparticle and the tail being a Pd nanorod. The synthesis is based upon the galvanic replacement reaction between single-crystal Pd nanorods and AuCl 4 − ions. HAuCl 4 was added to Pd nanorods which dissolves the Pd into the solution and deposits the Au on the ends of the rod. Au deposition only occurs at the ends as electrons resulting from the oxidation of Pd tend to be separated as far as possible. As more HAuCl 4 was added, more Pd would be dissolved from the nanorod which causes further deposition of Au onto both ends of the rods. However at some point the deposition makes a transition to one-end growth and forms the particles shown in (Figure 6 ). Lee et al. [126] utilized ascorbic acid as a reducing agent and PVP as a stabilizing agent to synthesize AuPd nanoparticles. They observed that the nanoparticles inside the solution consolidate into the three-dimensional flower-shaped nanoparticles. Ksar et al. [127] devised a method by which they were able to prepare spherically shaped nanoparticles of PdAu with Pd acting as shell on the gold rich Au and used Pd(NH 3 ) 4 Cl 2 and [Au(en) 2 ]Cl 3 as metallic salts and surfactant cetyltrimethylammonium bromide (CTAB) as the reducing agent while being exposed to -irradiation.
Later in 2009, Lee et al. [112] for the first time devised a one-step aqueous synthesis of core/shell AuPd nanoparticles with a well-defined octahedral shape. They used an aqueous solution of HAuCl 4 /K 2 PdCl 4 in equal proportions in presence of CTAC to prepare the nanoparticles in 90 ∘ C under various reaction times up to 48 hours (Figure 7) . The obtained nanoparticles show unique electrocatalytic activity as well as optical properties associated with Pd. Lim et al. [128] later for the first time were able to control the morphology and the localized surface plasmon resonance (LSPR) peaks of nanoparticles by carefully choosing the reducing agents and molar mixing of the metallic salts. They were able to produce cubic core/shell PdAu nanoparticles by reducing the HAuCl 4 with L-ascorbic acid on Pd nanocubes. Same group later in 2010 used the hydrazine as the reducing agent to coreduce the HAuCl 4 and K 2 PdCl 4 in aqueous solutions [72] . As a result they observed the formation of nanodendrites due to the fast reduction rate of metal ions and subsequent fast growth of the particles (Figure 8) .
Mazumder et al. [129] later reported a method which could control the thickness of the Au deposit on the Pd nanoparticles. They similarly used Pd (acac) 2 (acac = aceylacetonate) for preparing the Pd seeds then used the HAuCl 4 in presence of oleylamine (OAm) at 80 ∘ C to deposit the Au. Zhan et al. [130] proposed an entirely ecofriendly and fast method for preparation of the AuPd bimetallic nanoparticles. They used the cacumen platycladi leaf extract as the reducing agent to coreduce the Au and Pd precursors (obtained from HAuCl 4 and PdCl 2 ) in an aqueous solution. The obtained nanoparticles have a spherical shape (Figure 9 ). Liu and Yang [131] proposed a method in which they coreduce the HAuCl 4 and PdCl 2 in presence of dextran as the reducing agent and maintain the temperature in 100 ∘ C for 12 hours. The result is bimetallic AuPd foam with interlaced necklaces assembled from granular nanocrystals.
Hong et al. [132] were able to produce octapodal shaped AuPd nanoparticles by selective etching of {100} facets of K 2 PdCl 4 by the AuBr 4 − . They coreduced the NaAuBr 4 /K 2 PdCl 4 in presence of L-ascorbic acid and CTAC at 50 ∘ C. They observed the effect of Br − reducing the Au as a function. The high surface energy of the Au atoms on {100} is reported to be the main reason for the difference in reduction of various facets of nanoparticles. Recently AuPd nanoparticles are widely being used in diagnostic medicine. Ge and coworkers used an aqueous solution of Na 2 PdCl 4 , HAuCl 4 , and ascorbic acid as the reducing agent to synthesize AuPd nanoparticles for detecting cancer cells [133] . Table 3 summarizes the key components of wet chemical methods for synthesis of AuPd nanostructures.
Other Methods.
Mandal et al. [134] proposed Keggin ion-capped gold nanoparticles after UV illumination as reducing agents while exposing them to Pd 2+ and Pt 4+ ions for selective reduction of nanoparticles only on the surface. For the first time, they were able to avoid the nucleation of Pd and Pt nanoparticles in solution. Later a novel method was proposed by Kobayashi et al. to synthesize solid solution nanoparticles with Pd and Au being homogeneously mixed at the atomic level with various varying atomic ratios [135] . They used H 2 gas as a reducing agent. They first reduced the PdCl 2 by alcoholic reduction reaction and then mixed HAuCl 4 in presence of H 2 gas. The XRD and TEM tests reveal that the Pd and Au atoms are homogeneously mixed in the obtained nanoparticles. Zhang et al. [136] recently proposed a procedure to use ionic liquid microemulsion as the reducing Journal of Nanomaterials [137] developed a method to produce AuPd nanoparticles without the need to reducing agents. They used grapheme oxide (GO) to simultaneously reduce both Au and Pd and form a stable suspension of AuPd nanoparticles. The proposed method is important from environmental standpoint as there are no reductants being used and since the product AuPd nanoparticles/GO catalyst is recyclable. Finally Chen et al. in 2014 have used electrodeposition of Pd particles on Au substrate to create DNA modified sensors for Pb ion detection [138] .
Ag (M) Nanostructures.
Ag nanoparticles have recently attracted much attention owing to their excellent properties originating from string surface plasmon resonance and surface-enhanced Raman scattering. It has also been observed that Ag ions play an important role in regulating the nanocrystal growth [139] . Furthermore, it has been observed that alloying with Ag improves the catalytic and optical response of the other metal [102, 140] . However combination of Ag with other metals is less investigated. In this section, we present the latest achievements in preparing bimetallic nanoparticles containing Ag as one of the constituents. In 2003, He et al. used a stepwise ion-exchange reduction approach to produce AgPd nanoparticles [141] . The ionexchanged sites were prepared on thin TiO 2 films using Mg 2+ ion. The Ag + and Pd 2+ ions then replace the Mg 2+ ions using the reducing H 2 plasma. Their product demonstrates an improved catalytic activity of 367 times more than that of Pd black and 1.6 times more than that of Pd monometallic nanoparticles. Their research has been a successful try for synthesis of bimetallic nanoparticles using a facile and energy efficient method; however, the proposed method had little control over the morphology of the nanoparticles. Later, Liu et al. used ethanol combined with HCHO to modify the seeding process of Ag preparation and were able to achieve uniform shell-core and hollow CuAg and PtAg nanoparticles [142] . Lee et al. [143] used the simultaneous reduction of Pd(OAc) 2 and AgNO 3 in presence of SDS to produce core/shell nanoparticles with more concentration of Pd on the shell. They were also able to control the size of the nanoparticles by changing the proportion of the Ag and Pd ions concentration. Gao et al. [144] showed that successive reduction of AgNO 3 and H 2 PtC l6 using hydrazine will create hollow bimetallic nanoparticles with controllable plasmon resonance peaks. Xu and coworkers [145] used diphenyl ether (DPE) to deposit Pt on Ag nanoparticles to prepare hollow Pt nanoparticles. However, their work is presented here in regard to their synthesis process. Later in 2010, He et al. [146] proposed a fast method to prepare hollow and porous nanoparticles with Ag being the parent metal combined with other metals, for example, Au, Pt, and Pd. They used Lascorbic acid to reduce the different aqueous metallic salt solutions. They report that the surfactant CTAB molecules greatly affect the morphologies of the obtained nanoparticles (Figures 10 and 11) .
Recently, Sachen and coworkers [147] used a pulsed laser dewetting technique on bilayer Ag and Co films to make bimetallic nanoparticle arrays. Thickness of individual layers as well as the arrangement of the layers controls the size characteristics of nanoparticles. Although their method is not considered to be a facile method, here we report it as one of the recently established routes in processing the Ag nanoparticles. In 2013, Szyman'ska reported a chemical vapor deposition technique to synthesize AgCu nanoparticles [148] .
] m were used as precursors under high pressure and temperature to deposit the Ag and Cu particles on Si substrate. The proposed method however is costly and is not accessible for general use.
Cu (M) Nanostructures.
Studies of catalytic reduction of nitrates indicate the efficacy of bimetallic nanosized catalysts compared to their monometallic counterparts. These catalysts are often the combination of a metal from transition group of periodic table (i.e., Cu, Fe, etc.) with a nobel metal (i.e., Pd, Pt, etc.). Cu based bimetallic nanoparticles are proven to be efficient in catalytic reaction, for example, in nitrate reduction; hence they are discussed in this section. Liu et al. [149] proposed a colloidal method for synthesis of CuPt nanorods that could yield results in less than an hour. They proposed mixing of Pt (acac) 2 , Cu(acac) 2 , 2-hexadecanediol, oleic acid, oleylamine (as a stabilizer), and 1-octadecene all at once and heating the solution first up to 120 ∘ C for 20 minutes and then up to 225 ∘ C for 30 minutes. The result is a combination of CuPt nanorods and with a small portion of nanospheres that are separated using centrifugation ( Figure 12 ). They also report that an increase in molar ratio of oleylamine will increase the length of nanorods while the same effect can be obtained by using diphenyl ether and dibenzyl ether as solvents. Other nanoparticle shapes such as monodisperse spherical CuPt nanocrystals can also be obtained in shorter heating times and lower temperatures. Even CuPt nanocubes can be synthesized by using larger portions of 1,2-hexadecanediol. In general, monodisperse cubic nanocrystals are of great interest as building blocks for self-assembly [150, 151] . However up until recently, there has been no report of producing sub-10 nm gold nanoparticles [152] . Liu and Hight Walker proposed a one-step colloidal polyol approach for the synthesis of single crystalline AuCu nanocubes with controllable size and composition [153] . Their method comprises simultaneous reduction of Cu(acac) 2 and HAuCl 4 by 1,2-hexadecanediol (HDD) in diphenyl ether (DPE) solvent, in presence of 1-adamantanecarboxylic acid (ACA), 1-hexadecylamine (HDA), and 1-dodecanethiol (DDT).
They also performed a number of investigations on the effect of reaction parameters and found out that the size of nanocubes has direct relationship with the amount of DDT, Cu(acac) 2 , and HAuCl 4 present in the reaction. Therefore, by reducing the amount of these agents they were able to obtain nanocubes with edge length of 5 nm (Figure 13 ). They also found out that composition of the nanocubes can be controlled by careful adjustment of the same agents while keeping the morphology of the product constant. Mazumder et al. [154] also used a similar approach by reducing Cu(acac) 2 and PdBr 2 in oleylamine and trioctylphosphine. They were able to control the size and composition of the spherically shaped nanoparticles by carefully adjusting the reaction parameters, for example, heating rate and metal salt molar ratios.
Yu and Zhou [155] recently investigated the process of nanoparticle formation in CuPt bimetallic nanoparticles. They produced the CuPt nanoparticles by reducing the Pt(acac) 2 and CuSO 4 ⋅5H 2 O as metallic precursors, in presence of hexadecylamine or PVP as capping agents. Their incremental investigation on crystal morphology of the nanoparticles produced in presence of hexadecylamine reveals that unlike conventional thinking the precursor salts form amorphous clusters in very early stages of reaction ( Figure 14) . Later in the process these clusters combine and form crystalline islands which are the base for the core/shell structure of the nanoparticles. The crystallization was observed to extend from shell to core. However this form of nanoparticle formation was not observed when PVP was employed as a capping agent and classic formation route was confirmed for this capping agent.
In 2013, Su et al. [156] produced PtCu nanotubes using the conventional galvanic reaction. They first produced the Cu nanowires by mixing the sodium hydroxide and Cu(NO 3 ) 2 and the triggering agent N 2 H 4 . The ethanol solution of the obtained Cu nanowires was mixed, H 2 PtCl 6 ⋅6H 2 O with a Pt to Cu ratio of 0.5. The produced PtCu nanotubes exhibit 10-fold improved activity with respect to oxygen reduction reaction. In addition, the durability of the produced nanotubes improved compared to the Pt/C (40%) and Pt black.
Pt (M)
Nanostructures. Xiao et al. [157] developed a novel nonenzymatic glucose sensor based on PtM (M = Ru, Pd, and Au) nanoparticles. In this study, the bimetallic PtM nanocatalysts were prepared on the composite surface of multiwalled carbon nanotubes-ionic liquid by using ultrasonic electrodeposition method. The synthesized PtM nanoparticles were well-dispersed and showed the behaviors of alloy. The atomic ratio of PtM was roughly consistent with the concentration ratio in the electrodeposition solution. Electrochemical observation showed that the PtRu (1 : 1)-multiwalled carbon nanotubes-ionic liquid modified electrode had large active surface and high electrocatalytic activity for glucose oxidation in neutral solutions. When it was used as a glucose sensor, the linear range, sensitivity, reproducibility, and selectivity were acceptable. They concluded that the novel sensor has potential application in glucose detection. Wu et al. [158] introduced a new approach to prepare ultralow Pt-loading Au flower-like nanostructures using an underpotential deposition process. Electrochemical data depict that this ultralow Pt-loading Au flowerlike nanostructures exhibit excellent electrocatalytic activity towards the reduction of hydrogen peroxide and glucose oxidation. They have also shown good reproducibility and selectivity, a low detection limit, and a wide linear range, which can potentially be utilized as a novel biosensor to analyze applicable samples. Their finding is of importance for the sensing application of bimetallic nanomaterials made by the underpotential deposition redox replacement method. S. Alayoglu et al. [159] investigated the guided synthesis of a nanoparticle catalyst comprising a Ru core covered with an approximately 1 and 2 monolayer-thick shell of Pt atoms. Next, the distinct catalytic properties of these well-characterized core/shell nanoparticles were studied for preferential CO oxidation in hydrogen feeds. For H 2 streams containing 1000 p.p.m. CO, the H 2 lightoff is complete by 30 ∘ C, which is significantly better than for traditional PtRu nanoalloys (85 ∘ C), monometallic mixtures of nanoparticles (93 ∘ C), and pure Pt particles (170 ∘ C). Furthermore, density functional theory studies suggest that the improved catalytic activity for the core/shell nanoparticle originates from a combination of an increased availability of CO-free Pt surface sites on the RuPt nanoparticles and a hydrogen-mediated low-temperature CO oxidation process that is obviously distinct from the traditional bifunctional CO oxidation mechanism reported in the literature. Guo and Sun [160] developed a facile solution-phase self-assembly method to deposit FePt nanoparticles on the graphene surface. Based on this study, the graphene/FePt nanoparticles show enhanced catalytic activity and durability for oxygen reduction reaction (ORR) in 0.1 M HClO 4 solution. Especially, the graphene/FePt nanoparticles annealed at 100 ∘ C for 1 h have ORR activity about 2 times higher than the unannealed graphene/FePt This work demonstrates that grapheme is indeed a promising support to enhance nanoparticles activity and durability for ORR. The reported self-assembly method in this study can be generalized to produce various graphene/nanoparticles for catalytic applications. Zheng et al. [161] investigated a simple procedure for the synthesis of PtSn bimetallic nanoparticle catalyst. The as-prepared PtSn nanoparticles were in a better dispersion with smaller size. Electrocatalytic oxidation of methanol on the PtSn bimetallic nanoparticles showed remarkably enhanced activity and lifetime compared to that of Pt nanoclusters. Wang et al. [162] reported on a facile and environment-friendly method to synthesize intermetallic PtPb nanodendrites with controllable compositions ( Figure 15 ). This involves a hydrothermalassisted coreduction of Pt and Pb inorganic precursors by formic acid in an aqueous solution without the use of any surfactant. Their systematic structural characterization and in situ electrochemical infrared spectroscopic studies of the formed PtPb nanodendrites show that the underlying morphogenesis, resulting from the intermetallic phase evolution from a Pt-based face-centered cubic (FCC) to a PtPb hexagonal type, is responsible for the significant improvement in electrocatalytic activities toward the electrochemical oxidation of formic acid. They have expected these intermetallic compounds with novel dendritic morphology to show versatile technological applications, such as metal alloying and processing, surface plasmon-related research topics, design of novel bio-and chemical sensors, and fuel cell catalyst development. In addition to their important physical properties, the advanced hierarchical structures of the as-synthesized nanodendrites are expected to hold great potential for assembling hybrid functional nanodevices and nanosystems.
Pd (M) Nanostructures.
Li et al. synthesized [163] PdCo bimetallic hollow nanospheres of about 80 nm diameter size and of about 9 nm thickness by use of polyethylene glycol solution. They reported this synthesis route as the first example of Pd-containing bimetallic hollow nanospheres using soft template synthesis. Furthermore, this method was successfully used to catalyze the Sonogashira reaction, which reveals obvious advantages such as environmentally friendly reaction conditions (the reaction proceeded in water), the recyclability of the catalyst, simple experimental operation, and high yields. It is also a new application of PdCo nanoparticles in organic synthesis. Similar fabrication of Co, PdNi, Ag 2 S, and CdS hollow spheres via polyethylene glycolassisted route suggests that this facile, fast, and effective method can be extended to prepare a variety of nanoscale hollow spheres. Wang et al. [164] reported on a simple method for the fabrication of Pd-rich Pd x Co alloy nanoparticles supported on carbon, using an adsorbate-induced surface segregation effect. The electronic properties of Pd were modulated by alloying with different amounts of Co, which can affect the oxygen reduction reaction (ORR) activity. The electrocatalytic activity of the Pd 3 Co@Pd/C nanoparticles for the ORR was reported to enhance by spontaneously depositing a nominal monolayer of Pt. The activities of the different catalysts for the ORR could be correlated with the oxygen adsorption energy and the d-band center of the catalyst surface, as calculated using density functional theory, which is in agreement with previous theoretical studies. They have stated that the materials synthesized herein are promising cathode catalysts for fuel cell applications and the facile synthesis method could be readily adapted to other catalyst systems, facilitating screening of high efficiency catalysts. Caixia and coworkers investigated [165] the fabrication of novel PdCu bimetallic nanocomposites with hierarchically hollow structures through a simple galvanic replacement reaction using dealloyed nanoporous copper (NPC) as both template and reducing agent. The reaction process was monitored by UV-vis absorbance spectra and X-ray diffraction (XRD), which clearly demonstrate a structure evolution from NPC precursor to a Pd-rich PdCu alloy structure upon the completion of the reaction. Structural characterization by use of SEM and TEM reveals that the replacement reaction between NPC and [PdCl 4 ] 2− solution results in a nanotubular mesoporous structure with a nanoporous shell, which is comprised of interconnected alloy nanoparticles with size around 3 nm. Based on this study, the resulted PdCu nanostructure shows superior activity toward oxygen reduction reaction (ORR) with a half-wave potential at 0.840 V, which is significantly better than that of the commercial Pt/C catalyst. 2 ] in refluxing ethyl glycol was explored. In the reacting mixture, an anionic surfactant sodium dodecyl sulfate (SDS) was used as the capping and structuredirecting agent. Figure 16 demonstrates TEM images of the synthesized CoPt hollow spheres. These synthesized CoPt hollow spheres demonstrated enhanced electrocatalytic activity toward methanol oxidation in comparison with Pt nanoparticles, which is crucial for anode electrocatalysis in DMFCs. Vasquez et al. [168] reported on the first example of hollow magnetic CoPt nanospheres synthesized through a novel and potentially general one-pot reaction that exploits an in situ sacrificial template. These hollow magnetic nanospheres have important potential applications in drug delivery, catalysis, and composites industries. TEM images of the products are shown in Figure 17 . Yan et al. [71] reported a general strategy for preparing magnetically recyclable AuCo core/shell nanoparticles using a one-step seeding-growth method under ambient atmosphere within a short time. Unexpectedly, in contrast to its monometallic and alloy counterparts, the resultant magnetically recyclable AuCo nanoparticles exert excellent catalytic activity and long-term stability toward the hydrolytic dehydrogenation of aqueous AB under ambient atmosphere at room temperature. Moreover, this rational and general method can be easily
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Conclusions
Synthesis of bimetallic nanocrystals with controlled morphologies has attracted much attention during the last decade based on their efficiency in various applications particularly in catalysis, sensing, and drug delivery. Among several methods, wet chemical (colloidal) synthesis methods have been more popular due to their ease of use and their potential for implementing environmentally friendly production routes. We categorize these methods into four groups, namely, continuous growth, crystalline coalescence, core/shell growth, and galvanic replacement. Based on the type of application, each of the above may be preferred; however, to the best of our knowledge galvanic replacement and core/shell growth methods are the two most preferred synthesis methods in the recent years. In these methods, it has been observed that the morphology of the product is dependent on many factors, most importantly temperature of the reaction, reaction duration, facet bias of capping agents, and reduction potential of any of the involved agents. Despite recent advances in controlling the morphologies of nanostructures, the literature suggests that only the morphology of the Pt and Pd based nanocrystals can readily be determined while the similar control is not evident for other noble metals. Recent literature in this field suggests that researchers are employing organic and less powerful reductants to reduce the environmental impact associated with the production of these materials. However, use of such materials inhibits the use of nonnoble metals that are readily available with less cost. Despite the performance of the products (multiple times better than the parent metals) and the advances in producing them, many of the proposed methods which are only applicable in laboratory scale are still expensive to be implemented in the industrial scale. Addressing the above limitations opens up new avenues for future research.
